Social status strongly affects behavior and physiology, in part mediated by gonadal hormones, although how each sex steroid acts across levels of biological organization is not well understood. We examine the role of sex steroids in modulating social behavior in dominant (DOM) and subordinate (SUB) males of a highly social fish, Astatotilapia burtoni. We first used agonists and antagonists to each sex steroid receptor and found that androgens and progestins modulate courtship behavior only in DOM, whereas estrogens modulate aggressive behavior independent of social status. We then examined the hormonal and physiological responses to sex steroid receptor antagonist treatment and uncovered substantial changes in circulating steroid hormone levels and gonad size only in SUB, not in DOM. Consistent with status-based physiological sensitivities to drug manipulation, we found that neuropeptide and steroid receptor gene expression in the preoptic area was sensitive only in SUB. However, when we compared the transcriptomes of males that received either vehicle or an estrogen receptor antagonist, 8.25% of all genes examined changed expression in DOM in comparison with only 0.56% in SUB. Finally, we integrate behavior, physiology, and brain gene expression to infer functional modules that underlie steroid receptor regulation of behavior. Our work suggests that environmentally induced changes at one level of biological organization do not simply affect changes of similar magnitude at other levels, but that instead very few key pathways likely serve as conduits for executing plastic responses across multiple levels. (Endocrinology 153: 1341-1351, 2012) B ehavior and physiology are profoundly affected by an individual's social status. To function in a social group, every group member integrates information about its own internal physiological state with external social information into a behavioral output that ultimately promotes its fitness. Although behavioral and hormonal responses within social groups are relatively well understood in mammals and fish (1-5), researchers have only recently begun to examine the molecular events in the brain that mediate the behavioral responses of individuals in different social states (6, 7). Despite the importance of integrating external and internal signals within the brain into subsequent behavioral changes, studies investigating this integration are limited due to the general difficulty of incorporating multiple levels of analysis such as environment, physiology, and molecular responses in the nervous system. Thus, our present understanding of how physiology, brain gene expression, and social environment regulate behavior in social groups is still limited.
B
ehavior and physiology are profoundly affected by an individual's social status. To function in a social group, every group member integrates information about its own internal physiological state with external social information into a behavioral output that ultimately promotes its fitness. Although behavioral and hormonal responses within social groups are relatively well understood in mammals and fish (1) (2) (3) (4) (5) , researchers have only recently begun to examine the molecular events in the brain that mediate the behavioral responses of individuals in different social states (6, 7) . Despite the importance of integrating external and internal signals within the brain into subsequent behavioral changes, studies investigating this integration are limited due to the general difficulty of incorporating multiple levels of analysis such as environment, physiology, and molecular responses in the nervous system. Thus, our present understanding of how physiology, brain gene expression, and social environment regulate behavior in social groups is still limited.
Sex steroid hormones are excellent candidates for mediating the integration of external and internal information into an adaptive behavioral response. These hormones vary across many physiological contexts such as sex, social status, breeding condition, and season (6 -10) . Such variability is important in regulating an animal's behavioral response to both reproductive and aggressive contexts (11) . Circulating hormones robustly respond to social stimulation and have been extensively studied in the context of the androgen challenge response to aggressive interactions, a physiological response conserved across vertebrates (11, 12) . Sex steroids integrate these social and physiological cues into a molecular response by acting through either nuclear hormone receptors, which function as transcription factors and modulate gene expression (reviewed in Ref. 13 ), or more quickly through membranebound receptors that trigger a signal transduction cascade (14, 15) .
To study the proximate mechanisms of male-typical behavior in a social hierarchy, we use the African cichlid fish, Astatotilapia burtoni, a model system in social neuroscience and behavioral genomics (16, 17) . A. burtoni males have two plastic behavioral phenotypes. Brightly colored dominant (DOM) males aggressively defend territories where they court and spawn with females. Subordinate (SUB) males are dull in coloration, reproductively suppressed, and school with females. The brain gene expression profiles of these two phenotypes differ substantially (18) . Given the opportunity, SUB will attain DOM status in an astonishing transition that is accompanied by a concerted change in gene expression in brain and testes as well as a rapid response in circulating steroid hormones (6) . However, we know relatively little about how sex steroid hormone receptors mediate behavior in relation to social status and across levels of biological organization (including, e.g. behavior, physiology, and brain gene expression).
We examined the differential role of sex steroid hormones in the regulation of behavior in these two social phenotypes with the hypotheses that 1) steroid hormone receptors mediate distinct behavioral components and 2) the gene regulatory actions of sex steroid hormone receptors differ with social status. We first determined how androgen receptors (AR), estrogen receptors (ER), and the progesterone receptor (PR) modulate social behavior and circulating hormone levels in DOM and SUB within a community setting. Additionally, we examined steroid receptor regulation of gene expression in the preoptic area (POA), a brain region that regulates male aggressive and sexual behaviors in all vertebrates (19, 20) .
Materials and Methods

Animals
A. burtoni from a wild-caught stock population were maintained in a naturalistic community as previously described (21) with eight males and eight females per 110-liter tank. A total of 34 DOM (length, 4.877 Ϯ 0.1264 cm; weight, 3.341 Ϯ 0.2851 g) and 32 SUB (length, 4.615 Ϯ 0.0851 cm; weight, 2.486 Ϯ 0.1289 g) were used in this study. All work was carried out in compliance with the Institutional Animal Care and Use Committee at The University of Texas at Austin.
Behavior and pharmacology
Male A. burtoni chosen for this study were stable in social status for 1 wk before injections. Only one animal per tank was manipulated at a given time. Animals were injected ip with 10 l mineral oil per gram body weight (gbw) for 2 d (to allow for within-individual comparisons) and then with a sex steroid receptor agonist or antagonist for the next 2 d. Fish were immediately placed back into the home tank after injection. One group of males used as the control group for all end-point analyses were injected with vehicle for all 4 d. Five-minute focal observations were conducted between 0800 and 1100 h the following morning of each day after injections and for 2 d after injections ended (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org) by an observer blind to the treatment. This observation paradigm avoided nongenomic fast-acting effects of steroid hormones (14) . Social behaviors recorded are described elsewhere (22) and include aggressive (chasing and biting), sexual (quivering and leading), territorial (border dispute, carousel, and threats), and subordinate (fleeing) displays.
We chose the following doses based on a dose-response experiment in DOM (Supplemental Fig. 2 ) where three doses of each drug were tested to see which had the largest effect on aggressive and/or courtship behavior: 0.4 g/gbw 17␤-estradiol (Steraloids, Newport, RI; n ϭ 8 SUB and n ϭ 10 DOM), 0.13 g/gbw dihydrotestosterone (DHT; Sigma Chemical Co., St. Louis, MO; n ϭ 8 per social status), 0.125 g/gbw 17␣-20␤-dihydroprogesterone (17␣-20␤-P; Steraloids; n ϭ 8 per social status), 1.6 g/gbw ICI182780 (ER antagonist; Sigma; n ϭ 8 per social status), 0.83 g/gbw cyproterone acetate (AR antagonist; Sigma; n ϭ 8 per social status), and 1.6 g/gbw ZK0112993 (PR antagonist; Bayer Schering Pharma AG, Berlin, Germany; n ϭ 8 per social status). Dose-response curves were not conducted in SUB, because social suppression by DOM males may mask any effect of a drug, and isolating SUB for testing will result in a transition to DOM status within hours, a period too short to conduct a dose-response curve manipulating nuclear hormone receptors. DHT was used, rather than the teleost-specific 11-ketotestosterone (11KT), because DHT binds AR with higher affinity than 11KT (23, 24 On the last day of behavioral observations, we recorded weight and length of each individual that received an antagonist or only vehicle and drew blood from the dorsal aorta using heparinized 26-gauge butterfly infusion sets (Becton Dickinson, Mountain View, CA). Gonads were removed and weighed for calculation of the gonadosomatic index (GSI: testes mass divided by body mass times 100). Brains were rapidly dissected, embedded in Tissue-Tek OCT Compound (Sakura Finetek U.S.A., Torrance, CA), fresh frozen on dry ice, and stored at Ϫ80 C.
Hormone assays
Free testosterone, 17␤-estradiol, and progesterone were measured for each individual using ELISA (Enzo Life Sciences, Farmingdale, NY); Intraassay variation was 9.43, 2.67, and 4.06%, respectively; interassay variation was 4.96, 3.38, and 10.5%, respectively. Plasma samples were diluted 1:30 and processed as previously described (27) .
Laser microdissection and RNA isolation
Brains were sectioned at 18 m, thaw mounted onto membrane-covered slides (P.A.L.M. Microlaser Technologies AG, Bernried, Germany), and hydrated for 1 min in cold 95, 70, and 50% ethanol, stained with toluidine blue (0.5% toluidine blue, 1% phenol, 20% ethanol in water) for 2 min, rapidly dehydrated in an ascending ethanol series, incubated in xylene for 5 min, and air dried for 2 min. Sections were visualized on a laser-microdissection microscope (P.A.L.M. Microlaser Technologies), and an area corresponding to the POA (including parvocellular, magnocellular, and some gigantocellular cells) (28) was excised and captured with the laser (Supplemental Fig. 3 ). Some technical variation likely resulted from the capture of the gigantocellular POA due to the sporadic distribution of these neurons. Thirty microliters of Trizol (Invitrogen, Carlsbad, CA) was added to the sample and stored at Ϫ80 C until further processing. Total RNA was isolated with Trizol according to the manufacturer's instructions.
RNA amplification, reverse transcription, and quantitative PCR (qPCR)
Isolated RNA was subjected to one round of amplification using the MessageAmp II system (Ambion, Austin, TX) according to manufacturer's instructions. Additionally, samples from animals that received either vehicle only or ER antagonist treatment were divided after the first round of amplification, with one half being immediately reverse transcribed and the other half processed for another round of RNA amplification to be used for microarray analysis. Each RNA sample was treated with deoxyribonuclease I (Ambion) according to the manufacturer's instructions. The RNA was reverse transcribed using Superscript III reverse transcriptase (Invitrogen) and gene-specific primers (see Supplemental Table 1 ). Positive controls used 1 ng of wholebrain RNA in place of RNA derived from laser-microdissected samples and in negative controls the reverse transcriptase was omitted. Excess primers and salts from the transcription reaction were removed in Microcon YM30 columns (Millipore, Bedford, MA). An aliquot of the sample was used for Ribogreen (Invitrogen) analysis to determine total cDNA concentration of each sample. qPCR primers (Supplemental Table 1 ) were designed to flank exon boundaries using the zebrafish genome as a reference. For each sample, target gene abundance was measured in triplicate in an ABI PRISM 7900HT real-time PCR cycler (ABI SDS version 2.2.1 software) using SYBR Green (Invitrogen). Standard curves were constructed using known dilutions of cDNA, and amplification efficiency was calculated. For each individual, median values from the reference and target gene triplicates were used to calculate the relative transcript abundance of the target gene using the mean normalized expression formula of Simon (29) . Each sample was normalized to total cDNA as measured by Ribogreen.
Transcriptome profiling
Microarray samples were prepared as previously described (18) and hybridized in a loop design (Supplemental Fig. 4 ) to a 19K A. burtoni microarray (GEO platform GPL6416) constructed from brain-specific and mixed tissue libraries representing a total of 17,712 cichlid-specific features (30, 69) . DOM and SUB males were examined in separate loops, and each array was competitively hybridized with a vehicle-or ER antagonisttreated sample. Two technical replicates were performed, where each sample was labeled with both Cy3 and Cy5 to control for dye bias. The slides were scanned on an Axon 4000B array scanner using GenePix version 6.0 software (Molecular Devices, Sunnyvale, CA) and filtered for microarray printing errors, hybridization artifacts, and signals with low intensity. Intensities were lowess-normalized within arrays in R/Bioconductor; only features with average intensities 2 SD or more above average background were considered for further analysis (18) . All raw and processed data are available at the GEO database (accession number GSE28508).
Data analysis
All analyses, with the exception of the microarray data, were conducted in PASW (IBM, Somers, NY). To determine differences between DOM and SUB, t tests were used with vehicletreated animals. In all other cases, statistics for DOM and SUB were run separately. For behavioral data, a generalized estimating equations (GEE) (31) model was used with the behavioral measure as the dependent variable, and baseline behavior (d 1 and 2) was compared with drug treatment (d 4 -6) as a withinsubject variable; the model was run separately for each drug treatment. Hormone measurements and qPCR data were not normally distributed and were log-transformed, resulting in normally distributed residuals. Hormone data were analyzed with ANOVA using hormone as the dependent variable and drug as the independent variable followed by a Bonferroni post hoc test. qPCR gene expression data from the experimental groups were compared with the control gene expression levels using ANOVA followed by Dunnett's t test, which corrects for multiple testing. Significance was considered as P Ͻ 0.05. Because most of our data were nonparametric, we calculated correlations using Spearman rank correlation coefficients to explore covariation patterns. The microarray data were analyzed in R/Bioconductor. Between-group analyses were conducted using the LIMMA package (18, 32) .
Results
Distinct roles of sex steroids in a social hierarchy
We used a within-subject design by treating DOM and SUB with specific sex steroid receptor agonists or antagonists (Supplemental Fig. 1 ) and found that sex steroid receptors differentially modulate aggression and courtship in the two phenotypes (Fig. 1) . Although teleost fish have a single ER␣ and PR, there are two isoforms of AR (AR␣ and AR␤) and ER␤ (ER␤a and ER␤b) due to a genome duplication event in this lineage (33) . We selected drugs that targeted all three ER isoforms or both AR isoforms.
Manipulation of ER changed aggressive behavior, but not courtship behavior, independent of social phenotype. DOM males display two kinds of aggression: chases are typically directed toward SUB and females in the school, whereas territorial defense behavior is typically directed toward other DOM in the community. Estradiol treatment increased chases in DOM (GEE, P ϭ 9.3 ϫ 10 Ϫ9 ; Wald 2 ϭ 32.984), whereas treatment with the ER-specific antagonist ICI182780 decreased chases (GEE, P ϭ 1.4 ϫ 10
Ϫ6
; Wald 2 ϭ 23.284). Estradiol treatment also decreased territorial defense behavior (GEE, P ϭ 0.045; Wald 2 ϭ 4.036; data not shown), although ICI182780 treatment had no effect (GEE, P ϭ 0.283; Wald 2 ϭ 1.151; data not shown). ER manipulations in DOM did not affect courtship displays (GEE: estradiol, P ϭ 0.864; Wald 2 ϭ 0.03; ICI182780, P ϭ 0.06; Wald 2 ϭ 3.539), although there is a nonsignificant trend for the antagonist to decrease courtship displays. Aggressive displays (a sum of chases and bites) were also increased in SUB treated with estradiol (GEE, P ϭ 1.8 ϫ 10 Ϫ4 ; Wald 2 ϭ 13.993), which was unexpected given the severe social suppression SUB are subjected to by DOM. Not surprisingly, treatment of SUB with an ER antagonist did not result in a behavioral change (GEE, P ϭ 0.8; Wald 2 ϭ 0.064), possibly due to a floor effect, because SUB rarely display aggressive behavior even under control conditions. ER manipulation did not affect fleeing behavior in SUB (GEE: estradiol, P ϭ 0.24; Wald 2 ϭ 1.382; ICI182780, P ϭ 0.86; Wald 2 ϭ 0.033). Courtship and territorial defense behavior are almost never observed in SUB and thus are not reported.
AR manipulations exclusively affected courtship behavior and had no effect on aggressive behavior in either social phenotype. Instead of the teleost-specific androgen 11KT, we used the nonaromatizable androgen DHT for pharmacological manipulation of AR, because both 11KT and DHT produce similar effects in other teleosts (34, 35) , yet DHT has a higher binding affinity to both AR␣ and AR␤ (23, 24) . DOM treated with DHT increased courtship displays (GEE, P Ͻ 0.0002; Wald 2 ϭ 13.794), whereas treatment with an AR antagonist, cyproterone acetate (CA), decreased courtship behavior (GEE, P ϭ 8.5 ϫ 10 no behavioral change in total aggression (GEE: DHT, P ϭ 0.55; Wald 2 ϭ 0.360; CA, P ϭ 0.55; Wald 2 ϭ 0.355) or fleeing (GEE: DHT, P ϭ 0.81; Wald 2 ϭ 0.058; CA, P ϭ 0.75; Wald 2 ϭ 0.100) was observed in SUB. PR manipulations showed effects similar to those of AR, as we observed changes in courtship behavior displayed by DOM. We used 17␣-20␤-P as a PR agonist because it cannot be converted readily into testosterone and has higher binding affinity to the teleost PR than progesterone (24) . DOM treated with 17␣-20␤-P increased courtship displays (GEE, P ϭ 0.040; Wald 2 ϭ 4.233), whereas the PR antagonist ZK112993 decreased courtship displays (GEE, P ϭ 0.041; Wald 2 ϭ 4.168). PR manipulation in DOM did not affect chasing (GEE: 17␣-20␤-P, P ϭ 0.148; Wald 2 ϭ 2.091; ZK112993, P ϭ 0.053; Wald 2 ϭ 3.751) or territorial defense behavior (GEE: 17␣-20␤-P, P ϭ 0.08; Wald 2 ϭ 3.100; ZK112993, P ϭ 0.752; Wald 2 ϭ 0.100; data not shown). Similar to DOM, total aggression in SUB did not change with PR manipulation (GEE: 17␣-20␤-P, P ϭ 0.14; Wald 2 ϭ 2.173; ZK112993, P ϭ 0.68; Wald 2 ϭ 0.172). Interestingly, SUB treated with 17␣-20␤-P displayed less fleeing behavior (GEE, P ϭ 0.001; Wald 2 ϭ 11.195), but their behavior did not change after treatment with the PR antagonist (GEE, P ϭ 0.52; Wald 2 ϭ 0.409).
Dissociation of behavior from hormones and physiology
To investigate whether our manipulations of sex steroid receptor signaling affected circulating levels of sex steroid hormones in relation to social status, we measured free circulating 17␤-estradiol, testosterone, and progesterone in the plasma of animals that received a receptor antagonist or vehicle only (Fig. 2) ; individuals that received an agonist were not used for hormone measurements or gene expression studies. As expected, control DOM had higher circulating testosterone (t 11 ϭ 3.7; P ϭ 0.005) and 17␤-estradiol (t 12 ϭ 3.8; P ϭ 0.003) levels than control SUB as previously reported (36) . Progesterone levels did not differ between social states, although there was a nonsignificant trend to higher levels in DOM (t 11 ϭ 2.053; P ϭ 0.065). Surprisingly, we found that in DOM treated with a receptor antagonist, circulating levels did not change for any of the sex steroids compared with controls [ANOVA: 17␤-estradiol, F (3,34) ϭ 1.796, P ϭ 0.169; testosterone, F (3, 32) ϭ 0.289, P ϭ 0.83; progesterone, F (3, 33) ϭ 0.289, P ϭ 0.436], despite the clear behavioral responses we observed to receptor antagonist manipulation. Even more striking, SUB displayed distinct changes in circulating hormone levels with treatment of receptor antagonists [ANOVA: 17␤-estradiol, F (3,30) ϭ 7.106, P ϭ 4.23 ϫ 10
Ϫ4
; testosterone, F (3,30) ϭ 7.106, P ϭ 0.001; progesterone, F (3, 30) ϭ 3.471, P ϭ 0.03]. Specifically, SUB treated with ER antagonists had lower levels of 17␤-estradiol (Dunnett's t test P ϭ 0.017) and testosterone (Dunnett's t test P ϭ 0.032) compared with controls. Thus, on a physiological level, SUB responded even though they showed little behavioral response to steroid receptor manipulations within a social community.
The GSI, a measure of relative testes mass, was higher in control DOM compared with control SUB (t 14 ϭ 2.3; P ϭ 0.039). Steroid receptor antagonists did not affect the GSI of DOM [F (3, 34) ϭ 0.231; P ϭ 0.853], yet in SUB, ER antagonist treatment resulted in a significant reduction in GSI [F (3,32) ϭ
FIG. 2.
Physiology and circulating hormone levels change in SUB but not DOM males after steroid receptor manipulation. Free 17␤-estradiol, testosterone, and progesterone levels, as well as GSI, are depicted by box and whisker plots for DOM (left panels) and SUB (right panels) males (n ϭ 8 per status per treatment). Each box represents groups receiving a sex steroid receptor antagonist (x-axis), and the gray background bar depicts the first and third quartiles for control animals. Letters indicate significance between groups; *, significant difference from control with Bonferroni post hoc test. 
Sex steroid receptor-mediated gene expression impinges on social status
To better understand how sex steroid receptors regulate social behavior in a hierarchy, we used qPCR to analyze the expression of these receptors and neuropeptides in the POA of males that received either a sex steroid receptor antagonist or vehicle (Fig. 3) . We measured mRNA levels of all sex steroid receptors as well as the nonapeptides arginine vasotocin (AVT) and isotocin (IST), because all these neuroendocrine pathways play important roles in modulating social behavior across vertebrates (reviewed in Ref. 37 ).
To our surprise, control and experimental groups of DOM did not differ in the expression of any of these candidate genes despite the robust changes in social behavior we had observed, whereas in SUB, mRNA levels of several candidate genes differed significantly between control and experimental groups. These results are consistent with our findings described above of an apparent dissociation, at least in DOM, of the behavioral from the physiological responses to sex steroid antagonist treatment. However, it should be noted that microdissection of the POA did not include all gigantocellular neurons and thus may have masked potential differences (see also Ref. 34) . In SUB, PR and IST levels were sensitive to antagonist treatment [PR: ANOVA, F (3, 28) ϭ 5.321 P ϭ 0.006; IST: ANOVA: F (3, 28) ϭ 3.820, P ϭ 0.022]. Specifically, SUB given an ER, AR, or PR antagonist decreased expression of PR (Dunnett's t test: ER antagonist P ϭ 0.038; AR antagonist P ϭ 0.005; PR antagonist P ϭ 0.006), whereas expression of IST increased after exposure to the AR antagonist (Dunnett's t test P ϭ 0.02).
ER regulation of the social transcriptome
Because perturbation of ER exhibited consistent and significant effects on aggression in both DOM and SUB, we then asked to which extent the POA gene network regulated by ER differed between social phenotypes. To investigate the molecular consequences of ER perturbation on a genomic scale, we compared the POA transcriptomes of the individuals from the behavioral trials above after administration of either ER antagonist or vehicle. In DOM, 12,676 (71.6%) of 17,712 array features with cichlid sequences yielded above background intensities, whereas in SUB, there were only 8,132 (45.9%) such features, indicating that the POA expresses about 56% more genes in DOM compared with SUB ( 2 ϭ 2405.002; P Ͻ 0.001). This difference is not a technical artifact, because normalized intensity distributions (as a measure of dynamic range in gene expression) did not differ substantially between the DOM and SUB experiments (Supplemental Fig. 5A ). We then compared (separately for DOM and SUB) the POA transcription profiles of ER antagonisttreated animals with those of vehicle controls, although none of the differences survived false-discovery correction for P Ͻ 0.05 in either social phenotype, which is not surprising given such a subtle perturbation. However, when we examined the P value distributions for DOM and SUB, we discovered that small P values were considerably overrepresented in the DOM dataset (Supplemental Fig. 5B ), indicating widespread gene regulation. We chose P Ͻ 0.05 as an acceptable significance threshold, because our aim was to compare broad-scale patterns of gene regulation across phenotypes. Unexpectedly, despite the almost complete absence of physiological or candidate gene expression responses to ER antagonist treatment in DOM males, 1,047 (8.25%) of the 12,676 array features that provided signal above background were differentially regulated between control vs. ER antagonist (LIMMA, P Ͻ 0.05).
An even more striking picture emerged in SUB, where the P value distribution was surprisingly devoid of small values (Supplemental Fig. 5B ), suggesting a genomewide suppression of expression variation in this phenotype. At a P Ͻ 0.05 threshold, only 48 (0.59%) of the features were differentially regulated between the control and ER antagonist groups (LIMMA, P Ͻ 0.05), even though SUB demonstrated significant changes in physiological and candidate gene expression measures, as described above. Finally, the POA transcriptome responses to ER perturbation showed very little overlap between DOM and SUB, because only four genes were regulated at P Ͻ 0.05 by ER in both datasets (Supplemental Table 2 ). These sequences represent novel genes for which no annotations could be found in the databases.
Integration of genes, physiology, and behavior
To examine the relationship between behavior, hormone levels, gonadal state, and gene expression in DOM and SUB, we used the network analysis platform Cytoscape (38) to create association networks based on Spearman correlation coefficients (Supplemental Tables 3 and 4) between measures of behavior, physiology, hormones, and POA candidate gene expression of neuroendocrine genes determined by qPCR in DOM (n ϭ 32) and SUB (n ϭ 32). As can be seen in Fig. 4 , only four significant correlations are shared between DOM and SUB males: ER␣ and ER␤a are highly correlated, as are AVT and IST, 17␤-estradiol levels and GSI, and 17␤-estradiol and progesterone levels.
This analysis enabled us to propose network modules that may contribute to specific aspects of A. burtoni sociality, based on what is known about behavior, physiology, and life history of this species. In DOM, border disputes and threat displays are directed only toward other DOM (39). Our results suggest that these behavior patterns are tightly regulated by ER␤a and ER␤b signaling and together form a territory defense module. The most striking differences between DOM and SUB were the interactions of hormones and physiology with behavior and expression of sex steroid receptors in the POA. In DOM, testosterone, in association with chasing and courtship, represents a community interaction module, because these behavior patterns are directed exclusively at the community of females and SUB. However, in SUB, testosterone is associated with the other steroid hormones and GSI as well as AR subtype expression, suggesting that circulating steroid hormones are reflective of gonadal state. Finally, we found strong correlations between 17␤-estradiol, progesterone, GSI, and feeding in DOM, which could be indicative of a module governing reproductive physiology.
Discussion
Distinct roles for steroid hormone pathways in social behavior
Androgens and estrogens have been intensively studied for decades in the context of sexual behavior and aggression because they dynamically influence behavior (40 -42) . Within teleosts, the role of androgens in regulating sexual behavior appears to be consistent across species (43, 44) . Of particular relevance to our study is recent work in mammals by Juntti et al. (45) , who showed that mice with a conditional neuronal AR knockout displayed deficits in sexual behavior, yet the number of aggressive displays did not differ compared with wild-type mice. Research in other nonmammalian tetrapods also suggests that AR is important in male-typical sexual behavior, including amphibians (46) , birds (47) , and reptiles (48). The conversion of testosterone to estrogen by aromatase is necessary for male aggression in mammals and birds (49, 50) as well as for reproductive behavior in some species (51). Male ER␣ knockout mice also display deficits in sexual behavior (52), although this may be due to organizational effects of estrogen in the developing male brain (53).
Estrogenic and androgenic modulation of behavior varies based on environmental cues (9, 54). However, in A. burtoni males, which breed year-round, variation in AR and ER modulation of behavior likely arises from social rather than seasonal cues. We have shown here that testosterone modulates sexual behavior in DOM and that estrogens regulate aggression independent of social status. Although we cannot rule out the conversion of DHT to 3␤-diol (55), we are confident that the androgenic regulation of sexual behavior is AR dependent, because the effects of the AR antagonist were opposite to those of DHT. We obtained these results using males that were well established in their respective social states and by treating them with an agonist or antagonist for several days. However, when SUB are provided with an opportunity to ascend in social status, aggressive behavior and androgens rise within 30 min of transition, although estrogens do not increase for several days (7) . Androgens may play a shortterm role in modulating aggressive behavior during social instability (see also Refs. 8 and 11), whereas estrogens may maintain aggressive motivation over the long term if and when the social environment has stabilized. These different temporal roles of androgens and estrogens may also be a consequence of the relatively slow up-regulation of brain aromatase by AR (56). Interestingly, we found that treatment of SUB with DHT did not change aggressive behavior, although different results may have been obtained if SUB were treated with 11KT rather than DHT. Furthermore, the dose used to treat SUB was determined based on a dose-response curve conducted in DOM, and therefore an alternate dose may also have produced a different behavioral response. Nonetheless, our results suggest that to ascend in social status, SUB need both an androgen surge as well as a social opportunity, such as a vacant territory and/or the removal of suppression by DOM males.
The role of progesterone in the adult male brain is less understood than the actions of androgens and estrogens, although several studies indicate that PR is important in male-typical sexual behavior in mammals (57, 58) and reptiles (59). Our results also show that PR facilitates courtship behavior in A. burtoni DOM. In SUB, however, treatment with a PR antagonist unexpectedly decreased fleeing behavior, which might suggest that the perception or evaluation of social (i.e. threatening) cues is modulated by PR. Work in humans has shown that progesterone, along with cortisol, increases in avoidance situations that signify fear of rejection (60). Furthermore, treatment with 17␣-20␤-P has antianxiety effects in rodents (61). It is thus possible that PR regulates social cognition in a manner that is conserved across vertebrates, although more studies across a wide range of taxa will be needed to test this hypothesis. The work in humans also points to the importance of the stress axis in social status. Although we did not measure cortisol levels or glucocorticoid receptor expression, this pathway does indeed play a pivotal role in A. burtoni behavior (62).
Integrating brain gene expression with behavior and physiology
We have used a covariation network analysis to organize data across levels of biological organization and propose functional modules that allow us to generate new hypotheses about the neuroendocrine and molecular basis of social behavior. Here we discuss correlations between behavior, physiology, and gene expression in the POA, a brain region highly conserved in function across vertebrates (20) , although these patterns may well differ when other brain regions are analyzed. Our results suggest distinct modules that may govern different aspects of behavior within a social group. DOM display behavior patterns toward other DOM that are closely associated with expression of ER, which is supported by our pharmacological results where ER manipulations altered these territory defense behaviors. Interactions with other community members, including females and SUB, appear to involve a different module that is dominated by androgens. We hypothesize that this is due to the dynamic response of androgens to social cues (6, 11, 12) that may then modulate courtship or chasing behavior. SUB are quite different, in that their hormones are tightly linked to gonadal state and AR expression, which may enable them to quickly seize social opportunities to ascend to DOM status, as previous work has shown a rapid increase in circulating androgens in response to an opportunity to become territorial (6) . Additionally, several interactions are shared by DOM and SUB (e.g. AVT and IST or ER␣ and ER␤a), suggesting that some genes are coregulated in a similar manner independent of social status. Finally, although this kind of network analysis is clearly useful for integrating data across levels of biological organization to visualize large-scale biological patterns, it is important to emphasize that correlation of nodes does not necessarily imply causation and that it will be necessary to experimentally manipulate the proposed modules to fully characterize their function in regulating behavior in a complex social environment.
We found several interesting patterns with steroid receptor antagonist treatment and downstream gene expression in the POA, particularly the suppression of IST by AR in SUB. Neuropeptides of the oxytocin family have drawn a lot of attention in the mammalian literature by regulating trust (63) and affiliative behavior (64). In A. burtoni, SUB school (i.e. affiliate) with other SUB and females, yet when given the opportunity to ascend to dominance (a relatively solitary station), schooling behavior is suppressed, possibly via down-regulation of the IST pathway. This idea is consistent with a study in goldfish that demonstrated a role for IST in regulating social approach behavior (65).
Another interesting relationship is that of androgens, estrogens, and expression of their receptors in the POA, which seem to play very different roles depending on an individual's position in the social hierarchy. SUB have lower expression of ER compared with DOM, and the lack of a transcriptome response in SUB compared with DOM follows this pattern. Inhibition of ER mechanisms in SUB after administration of an ER antagonist, in combination with low circulating testosterone levels, and the resulting absence of brain AR activation, appears to lead to a remarkable genome-wide suppression of both transcriptional activity and variation in the POA.
Searching for patterns across levels of biological organization
In an era when molecular tools have become available for nontraditional model systems to explore the underpinnings of complex behavioral phenotypes, few researchers have analyzed a particular phenotype across many levels of biological organization. Our results show for the first time how in individuals of the same species, biological responses to a perturbation can differ across levels of biological organization as well as between phenotypes. We are not aware of any other study to date that has integrated behavior, hormones, physiology, candidate gene expression, and transcriptome profiling within the same individ-uals, yet a complete understanding of the mechanisms underlying behavioral variation across individuals might require the kind of integration across multiple levels of biological organization we have attempted here. Furthermore, given that mRNA and protein need not always be concordant (66), it will be important to include analyses of the proteome and small RNAs in future studies as well.
Our results show that phenotypic changes at one level of biological organization do not predict changes of comparable magnitude at another level, although it is important to note that gene expression may be more reflective of behavior than circulating hormone levels. Our expectation at the beginning of this study was that a behavioral response to sex steroid receptor manipulations would be accompanied by corresponding changes in circulating hormone levels, candidate gene expression, and transcriptome activity, regardless of social status. However, we found marked differences in DOM and SUB responses at various levels. These discrepancies could, in part, be explained by differences in gene expression of sex steroid receptors in some brain regions (67) or in the testes (68), by effects of the community structure on the behavioral expressions of DOM and SUB males, or most likely a combination of all these factors.
